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ABSTRACT 
 
Marsh, Daniel L. M.S. Department of Earth and Environmental Sciences, Wright State 
University, 2013. Trace Metals in Sediments on the Continental Margin of the Northwest 
Atlantic Ocean. 
 
 
Trace metals in the ocean are derived from natural and anthropogenic sources. 
Despite increased human impact on the marine environment and biological productivity 
of continental margins, trace metal studies in marine sediments have focused primarily on 
near-shore regions. I investigated 22 metals in sediments on the continental margin of the 
northwest Atlantic Ocean to calculate enrichment factors (EF) relative to upper 
continental crust and identify spatial variations with distance from shore and depth below 
the sediment-seawater interface. Metals were well correlated with Al, Fe, organic matter, 
or CaCO3. No clear trends in metal EFs with distance from shore were evident on a 
station by station basis, but consistent differences among regions of the continental 
margin were evident. Significant near-shore enrichment was observed. Enrichment was 
also evident for As, Hg, Mn, and Ni in sediments farther off-shore, suggesting the 
influence of human activities or hydrothermal vent emissions have enriched deep ocean 
sediments.
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I.  INTRODUCTION 
Trace metals in the ocean are derived from natural and anthropogenic sources. 
Natural sources of metals to the ocean include forest fires, volcanic activity, weathering 
of crustal materials (Nriagu, 1979), dust (Duce and Tindale, 1991), and hydrothermal 
vents (Douville et al., 2002). However, anthropogenic activities have exacerbated inputs 
of metals to the ocean as a result of increased worldwide industrialization. Studies from 
the SEAREX (Sea/Air Exchange) Program and AEROCE (Atmosphere-Ocean Chemistry 
Experiment) found that anthropogenic emissions to the atmosphere are a significant 
source of metals to the ocean (e.g., Arimoto et al., 1990; Arimoto et al., 1995). Sources of 
these emissions include iron, steel, and non-ferrous metal production, and combustion of 
fossil fuels and waste, while sewage discharge, dumping of waste, and urban and 
agricultural runoff also contribute metals to the ocean (Nriagu, 1979; Kaushik et al., 
2009) but mostly to near-shore environments.  
Although atmospheric deposition of trace metals has been observed ubiquitously, 
including urban areas (Sabin et al., 2005) and remote parts of the world such as the 
Bering Sea (Cai et al., 2011), Antarctic (Waheed et al., 2001), and open ocean (Spokes et 
al., 2001), loadings of metals to the ocean vary as a function of proximity to their source. 
For example, urban and agricultural runoff affects near-shore environments such as bays 
and estuaries that are near the source of discharge, but emissions from the burning of 
fossil fuels (Mason et al., 1994) and dust (Duce and Tindale, 1991) result in long-range
2 
 
atmospheric transport and deposition to the open ocean. While numerous metals are 
important for biological processes, some, including Ag, Al, Be, Cd, Hg, Pb, and Tl, are 
toxic in excess and thus considered non-essential (Da Silva, 1978). Over 80% of Cd, Hg, 
Pb, Cu, Zn, As, Cr, and Ni input to the ocean is a result of atmospheric deposition, more 
than half of which is from anthropogenic activity (Libes, 2009).  
Metals are persistent in the environment and are introduced to marine sediment by 
biological uptake and scavenging by sinking particles in the water column (Wollast and 
Loijens, 1991). Sediments are the largest repository for metals in the ocean and therefore 
also a potential source to benthic organisms and overlying water (Loring and Rantala, 
1992). Despite the immense area and biological productivity (>75% of marine fish 
production; Ryther, 1969) of continental margins, most studies of trace metals in marine 
sediments have focused on near-shore regions such as harbors, bays, estuaries, and coasts 
(e.g. Windom et al., 1989; Daskalakis and O’Connor, 1995; Kennicutt et al., 1994; Schiff 
and Weisberg, 1999; Rubio et al., 2000; Alagarsamy and Zhang, 2010; Zhan et al., 2010; 
Rezaee et al., 2011). Others have examined sediments farther offshore (e.g., Lew, 1981; 
Matthai et al., 2002; Nameroff et al., 2002; Ianni et al., 2010; Sundararajan and 
Srinivasalu, 2010; Cai et al., 2011; Martins et al., 2012), but few have systematically 
studied deposits on the remote continental shelf, slope, and rise. 
While marine trace metal studies are becoming more prevalent, knowledge is 
limited regarding concentrations and distributions of trace metals on continental margins. 
As a result, the extent of anthropogenic enrichment in offshore marine sediment is not
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well understood. In this study, I investigated 22 metals in sediments on the continental 
margin of the northwest Atlantic Ocean off the coast of New England to quantify how 
they compared (e.g., enrichment; depletion) to average metal concentrations in the 
Earth’s upper continental crust and identify spatial variations with distance from shore 
and depth below the sediment-seawater interface. 
4 
II. MATERIALS AND METHODS 
 
SAMPLING 
 Surface sediment (upper 6 cm) was sampled from 23 stations on the continental 
shelf, slope, and rise of the northwest Atlantic Ocean in August 2008, September 2009, 
and July 2010. These stations had water depths ranging from 35 to 4600 m and spanned 
an area of about 40,000 km
2 
(Figure 1). Undisturbed sediment and overlying water were 
collected with a box corer (0.06 m
2
) and sub cored with polycarbonate tubes (6.4 cm 
inner diameter). Cores were sectioned vertically in 0−1, 1−2, 2−4, and 4−6 cm depth 
increments with acid-cleaned plastic implements within 2 h of sampling. Sediment 
sections were stored frozen in acid-cleaned 50-mL centrifuge tubes until freeze drying 
and homogenizing prior to acid digestion. Trace-metal clean techniques were used to 
minimize contamination during sampling and analysis (Gill and Fitzgerald, 1987; 
Fitzgerald, 1999). 
 
SAMPLE PREPARATION 
Sediments were digested with strong acid for analysis of total recoverable metals 
(Fitzgerald et al., 2005).  About 0.5 g of dried sediment was weighed accurately (± 0.001 
g) into acid-cleaned 60-mL PFA Teflon digestion vessels (Savillex) to which was added 
3 mL of 16 M HNO3 and 2 mL of 12 M HCl (both J.T. Baker Instra-analyzed).  The 
vessels were hermetically sealed and heated for five, one-minute intervals in a 1200 W  
5 
FIGURE 1. Location of sampling stations on the continental margin of the northwest 
      Atlantic Ocean off the coast of New England. Station depths are shown in 
      meters below sea level. 
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microwave oven.  Digestates were allowed to cool to room temperature prior to dilution 
by addition of 25 mL of reagent-grade water (resistivity > 18.2 MΩ-cm). 
 
METAL ANALYSIS 
Major and minor metal constituents of sediments were determined either 
gravimetrically or spectrometrically.  Organic and CaCO3 contents of sediment were 
quantified gravimetrically after heating (Heiri et al., 2001). About 4−8 g of freeze dried, 
homogenized sediment was combusted at 550 ˚C for 2−4 hr to determine organic content, 
measured as percent loss-on-ignition (%LOI). The organic-free material was heated again 
at 1000 ˚C for at least 1 h to determine CaCO3 content. Total recoverable metal 
concentrations of Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Ga, In, Li, Mn, Ni, Pb, Sr, Tl, 
U, V, and Zn were measured by inductively coupled plasma-mass spectrometry (ICP-
MS; U.S. EPA, 2007).  Total Hg was determined from a separate aliquot of digestate, 
after BrCl oxidation and SnCl2 reduction, by dual Au-amalgamation cold-vapor atomic 
fluorescence spectrometry (CVAFS; Fitzgerald and Gill, 1979; Bloom and Fitzgerald, 
1988). Detection limits for each of the elements were based on a 0.5 g aliquot of sample 
(Table 1). 
 
QUALITY ASSURANCE 
 Quality control samples in each sediment digestion batch (n = 17 samples per 
batch) included a procedural blank, duplicate digestates of the certified reference material 
MESS-3 (Marine Sediment Reference Material, National Research Council of Canada), 
and triplicate digestates of one of the sediment samples. Precision of 10% relative 
7 
standard deviation or less was obtained for each metal (Table 2). However, recoveries of 
several metals from MESS-3, namely the lithophiles, were less than certified 
concentrations because the HNO3/HCl total recoverable digestion method did not result 
in complete dissolution of sediment and left behind refractory aluminosilicate minerals in 
the digestion vessel.  A more rigorous digestion method that included HF would have 
fully dissolved mineral matrices and likely resulted in complete recovery of all metals. 
Metal analyses were calibrated with standards traceable to the U.S. National Institute of 
Standards and Technology, and check standards were analyzed every ten samples to 
monitor instrument drift. 
 
DATA ANALYSIS 
Anthropogenic input of metals to sediments was quantified by estimating the 
metal enrichment factor (EF) relative to Fe,  
    
(
  
  
)
 
(
  
  
)
 
      Eq. 1 
where (
  
  
)
 
 is the ratio of the concentrations of metal (Me) and Fe in a sample and 
(
  
  
)
 
 is the ratio of the natural background metal:Fe concentration ratio in Earth’s upper 
continental crust (Taylor, 1964; Taylor and McLennan, 1995). EFs for Hg are based on a 
pre-industrial sediment concentration of 15 ng g
-1
 in the center of Passamaquoddy Bay in 
southeastern Canada, which is an inlet of the Bay of Fundy (Sunderland et al., 2004) and 
near my study area. Accordingly, if anthropogenic inputs were insignificant, metal:Fe 
concentration ratios in continental margin sediments should be the same as those in the 
crust. EFs either greater or less than 1 imply either depletion or enrichment, respectively, 
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TABLE 1.  Limits of detection (LOD) for metals quantified by either ICP-MS or CVAFS 
   in this study. 
Metal LOD
a
 (pmol g
-1
) 
Ag 230 
Al 2100 
As 490 
Au 170 
Ba 16 
Be 6300 
Cd 40 
Co 66 
Cr 1200 
Cu 230 
Fe 48000 
Ga 91 
Hg 1.8 
In 91 
Li 92 
Mn 7600 
Ni 51 
Pb 100 
Sr 270 
Tl 40 
U 45 
V 240 
Zn 2400 
a
LODs were determined according to Taylor (1987) except for Hg, which was estimated 
as the method detection limit according to APHA et al. (1995). 
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TABLE 2.  Recovery (± 1 SD) of metals from MESS-3 sediment reference material, 
   relative to the mean certified value, and precision (± 1 SD) among triplicate 
  digestates of the same sample, quantified as relative standard deviation(RSD). 
 
Metal Recovery (%, n = 21) 
Mean Procedural 
RSD (%) 
n
a
 
Chalcophiles 
Ag 104 ± 6.0 4.7 ± 2.2 18 
As 119 ± 6.0 4.2 ± 4.7 17 
Cd 101 ± 5.0 7.4 ± 6.9 19 
Cu  100 ± 4.8 7.0 ± 9.2 19 
Ga
b
 
 
-- 
 
5.3 ± 5.2 18 
Hg 103 ± 3.0 5.9 ± 5.9 20 
In
b
 
 
-- 
 
10 ± 7.2 19 
Pb 90 ± 3.6 5.4 ± 5.0 19 
Tl 29 ± 8.2 4.5 ± 3.9 19 
Zn 111 ± 10 5.5 ± 3.8 19 
Lithophiles 
Al 32 ± 15 5.7 ± 4.7 17 
Ba
b
 
 
-- 
 
5.5 ± 4.7 19 
Be 62 ± 5.6 4.6 ± 4.4 19 
Cr 35 ± 8.7 4.7 ± 3.7 17 
Li  51 ± 8.5 5.4 ± 5.1 19 
Sr  59 ± 6.2 5.7 ± 7.1 19 
U
b
 
 
-- 
 
3.3 ± 2.7 19 
V 43 ± 8.8 3.4 ± 2.9 19 
Siderophiles 
Co 83 ± 8.5 4.5 ± 5.1 19 
Fe 99 ± 11 3.8 ± 3.2 19 
Mn 97 ± 7.9 7.2 ± 10 19 
Ni 90 ± 5.0 4.7 ± 4.6 19 
a
n is sets of triplicates analyzed. 
b
Certified value in MESS-3 not available. 
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of metal concentrations relative to background concentrations in Earth’s crust. An EF 
between 0.5 and 1.5 indicates metal concentrations are primarily introduced from natural 
crustal sources, while EFs > 1.5 imply enrichment from non-crustal sources (Zhang and 
Liu, 2002) such as either pollution or as a result of biological or hydrothermal vent 
activity. EFs < 0.5 suggest significant depletion relative to Earth’s upper continental 
crust. 
 Enrichment factors were calculated from average metal and Fe concentrations in 
the upper 6 cm of sediment for each station of the continental margin.  Enrichment 
factors at each station were evaluated based on distance from the nearest coastline and 
compared between regions of the continental margin that were differentiated by 
bathymetric imagery. For the purpose of this study, these regions were classified as either 
near-shore continental shelf (< 50 km from coast; Stations 1 and 2), far-shore continental 
shelf (on the shelf and > 50 km from coast; Stations 3, 4, 5, 6, 9, 9NW, 10, 14, 15, 18, 19, 
20), continental slope (Stations 9B, 21UP, 21DOWN, 23), and continental rise (Stations 
7, 8, 9SE, 11, 12, 16, 17, 22).    
Spatial comparisons of metals in surface sediments with distance from shore were 
based on EFs calculated from average metal concentrations in the upper 6 cm of 
sediment.  However, the entire upper 6 cm of sediment was not obtained at every station 
(e.g., missing one or more of the vertical sections); stations where this occurred were 
disregarded for spatial comparison with distance from shore, as were sediments deeper 
than 6 cm, to eliminate potential bias in mean metal concentrations. Mean metal 
concentrations for all sediment samples are tabulated in the Appendix.
11 
 Spearman rank order correlations (rs) between metal concentrations and bulk 
constituents of surface sediment (percent organic matter, CaCO3, Fe, and Al) were 
determined for sediment at all stations, from all sampling years, and for all samples 
within the upper 6 cm of surface sediment. Goldschmidt classifications (e.g., lithophilic – 
“rock loving,” siderophilic – “iron loving,” chalcophilic – “sulfur loving”) were used to 
group and compare metals based on their bonding characteristics and electron 
configurations. While this classification is useful, some metals are hybrids between two 
classes because metal valence is not considered in the classification; for example, Cr
+3
 is 
considered chalcophilic while Cr
+6
 is lithophilic. 
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III. RESULTS AND DISCUSSION 
 
INADEQUATE METAL RECOVERY 
Quantitative recovery from MESS-3 was not obtained for lithophilic metals 
(Table 2), which was likely due to incomplete digestion of aluminosilicate materials. 
Sediments on continental margins are often dominated by fine-grained materials 
composed of quartz, plagioclase, and aluminosilicate clay minerals such as illite, chlorite, 
kaolinite, smectite, and montmorillonite (Li and Schoonmaker, 2004); significant ion 
substitution can occur in many of these materials.  Ba is present in silicates and can 
substitute for Ca and Mg in clay minerals (Biondi et al., 2011), while Be can substitute 
for Al and divalent cations in montmorillonite (Barg et al., 1997). Cr and V have been 
reported in aluminosilicates (Canet et al., 2003), Li is known to exceed concentrations of 
72 μmol g
-1
 in clay minerals (Tardy et al., 1972; Hein et al., 1979; Newman, 1987), Sr 
can be incorporated in alkaline earth aluminosilicates such as strontium feldspar (Beall, 
2008), and detrital aluminosilicates have about 8.4 nmol g
-1
 U (Mo et al., 1972).  
Unlike all other chalcophiles measured in this study, Tl also was not fully 
recovered from MESS-3 (Table 2), possibly due to substitution for Al in clays because it 
has been found in part per million concentrations in feldspars and micas (Heinrichs et al., 
1980). Although certified concentrations of chalcophilic Ga and In are not available for 
MESS-3, I also suspect poor recoveries of these metals because, like Al and Tl, they are 
group 13 metals. Based on Al and Tl recovery, I estimate Ga and In recovery to be 
13 
around 30%. Similarly, based on Be recovery, I estimate Ba recovery to be around 60% 
because they are both group 2 metals. As a result of incomplete digestion of 
aluminosilicate minerals and incomplete recoveries of lithophiles and group 13 
chalcophiles, all EFs, concentrations, and correlations for these metals are based only on 
the total recoverable fraction and do not include the fraction present within recalcitrant 
mineral matrices.  
  
ASSOCIATION WITH SEDIMENTARY MATERIALS 
 Most metal concentrations in surface sediments were correlated with either 
organic, Fe, or Al contents (Table 3). In contrast, and as expected, Ba and Sr were related 
to CaCO3.  Each metal that was correlated with Al also was with Fe. This is likely an 
autocorrelation effect as a result of the strong association between total recoverable Al 
and Fe (rs = 0.96; Table 3), which suggests that inputs of reactive Al to the marine 
environment are well correlated to natural input of Fe (Tippie, 1984). Strong correlations 
between metals and either organic matter, Fe, or Al are most likely a result of particulate 
matter scavenging metals from the water column (Wollast and Loijens, 1991). 
 With the exception of Ag, As, and In, chalcophilic metals were generally well 
correlated with organic matter, measured as LOI. This result was expected because thiol 
ligands are abundant in organic matter and known to form strong complexes with metals 
(Joe-Wong et al., 2012). Correlations were observed between CaCO3 and both Cd (rs = 
0.55) and Cu (rs = 0.69). Substitution of Cd for Ca in CaCO3 is a possible explanation for 
this relationship because Cd and Ca have similar chemical properties such as ionic radius 
(Madkour, 2005); however, an explanation for the correlation between Cu and CaCO3 is 
14 
TABLE 3. Linear correlation coefficients (rs) between total recoverable metal 
    concentrations and bulk constituents of surface sediments (upper 6 cm) on the 
    continental margin of the northwest Atlantic Ocean. 
 
Metal LOI  CaCO3 Fe Al
a
 
Chalcophiles  
Ag  0.55 -0.17 0.78 0.74 
As  0.39 -0.19 0.64 0.58 
Cd  0.74 0.55 0.55 0.65 
Cu  0.84 0.69 0.71 0.79 
Ga
a
 0.89 0.45 0.85 0.88 
Hg  0.89 0.49 0.79 0.83 
In
a
 0.69 0.09 0.75 0.79 
Pb  0.75 -0.07 0.78 0.76 
Tl
a
 0.85 0.49 0.80 0.87 
Zn  0.80 0.08 0.92 0.90 
Lithophiles
a
 
Al 0.78 0.27 0.96 -- 
Ba 0.70 0.88 0.73 0.75 
Be 0.78 0.08 0.93 0.89 
Cr 0.75 0.12 0.85 0.84 
Li 0.78 0.17 0.92 0.91 
Sr 0.45 0.97 0.20 0.13 
U 0.44 -0.39 0.59 0.56 
V 0.84 0.29 0.92 0.92 
Siderophiles  
Co  0.78 0.48 0.82 0.84 
Fe  0.75 0.16 -- 0.96 
Mn  0.56 0.82 0.57 0.58 
Ni  0.86 0.60 0.79 0.84 
 a
Correlation coefficients for lithophiles and Group 13 chalcophiles are relative to only the 
recoverable fraction from sediment, not the total concentration.  
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not apparent. Significantly stronger correlations with either Al or Fe than organic matter 
were observed for Ag, As, and In, suggesting that either these metals may have 
lithophilic characteristics or they are better correlated with some other constituent in the 
marine environment that was not investigated in this study. For example, Ag is strongly 
correlated (r
2
 = 0.92) with H4SiO4 in the marine water column (Flegal et al., 1995); had 
silica content been quantified in this study, a similar relationship may have been 
observed. Similarly, a correlation between phosphorous and As may have been observed 
because an oxidized form of As, arsenate, can be isomophorically substituted for 
phosphate in phosphate minerals (Jacobs et al., 1970; Ferguson and Gavis, 1972). Indium 
substitution for Al in aluminosilicate minerals may be a reason for the stronger 
correlation of In with Al instead of organic matter. Although Ga and Tl were well 
correlated with organic matter, Al, Ga, In, and Tl are all Group 13 metals and have 
similar outer electron shell configurations that can cause substitution for one another in 
chemical structures.  
Lithophiles were well correlated with Al, Fe, and many with organic matter, 
except for Ba, Sr, and U. The strong association between total recoverable concentrations 
of lithophilic metals and either Fe or Al is expected because lithophiles are “rock-loving” 
metals that are highly concentrated in silica magma and thus found in aluminosilicate 
minerals. Ba (rs = 0.88) and Sr (rs = 0.97) were strongly correlated with CaCO3, while U 
showed weak correlations with organic and CaCO3 sedimentary materials but modest 
correlations with Fe and Al. Substitution of either Sr or Ba for Ca in CaCO3 structures
16 
FIGURE 2. Linear correlations between concentrations of total recoverable barium and 
   strontium with the calcium carbonate content in the upper 6 cm of surface 
   sediment on the continental margin of the northwest Atlantic Ocean 
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occurs in many calcareous phytoplankton (Li and Schoonmaker, 2004). The observed 
correlations between both Ba and Sr with CaCO3 are likely the result of this phenomenon 
(Figure 2).  
The correlation between Sr and CaCO3 was expected because Sr/Ca ratios in coral 
skeletons are directly affected by water temperature at the time of growth (Smith et al., 
1979). The Sr/Ca ratio in coral is controlled by the Sr/Ca activity ratio of seawater and 
the distribution coefficient between CaCO3 and seawater that is temperature dependent 
(Beck et al., 1992). Sr is a useful proxy in paleoceanographic studies to determine past 
sea surface temperatures because it has a long residence time, the Sr/Ca ratio varies less 
than 2% spatially in the ocean (de Villiers et al., 1994; de Villiers, 1999), and the ratio 
has varied less than 3% over several hundred thousand years (Stoll and Schrag, 1998; 
Stoll et al., 1999). Although relating the Sr/Ca ratio in biological CaCO3 to that in 
seawater is challenging because incorporation of Sr in CaCO3 structures is species 
specific and dependent on temperature, shell size, and pressure (Elderfield et al., 1996; 
2000; 2002), prior studies have accounted for these variables (e.g., Lear et al., 2003).  
A correlation between Ba and CaCO3 in sediment was observed ubiquitously 
across the study area except at Stations 7 and 21 DOWN (Figure 2), which suggests an 
interesting oceanographic phenomenon at these two stations. The anomalously high 
Ba/CaCO3 ratios at Stations 7 and 21 DOWN may be a result of submarine groundwater 
discharge (SGD), which can be significant on the continental slopes of the east coast of 
the United States, Europe, Japan, and Oceania (Moore, 1999; Charette and Sholkovitz, 
2002; Burnett et al., 2006). Groundwater is a major source of 
226
Ra, another Group 2 
element, to the coastal zone (Moore, 1996; Rama and Moore, 1996) because intrusion of 
18 
saline water into aquifers results in desorption of 
226
Ra from solids (Shaw et al., 1998). A 
similar mechanism is responsible for increased levels of Ba in SGD (Li and Chan, 1979), 
and fluxes of Ba to coastal waters have been observed about 150 km from the coast 
(Person et al., 2003) at locations near Stations 7 and 21 DOWN. Ba enrichment on the 
continental rise may be the result of SGD, and Sr enrichment may result from increased 
foraminifera productivity with distance from shore (Bé and Tolderlund, 1971). 
Siderophilic or “iron loving” metals had a variety of associations with bulk 
sedimentary constituents. Co and Ni were well correlated with Fe, which is possibly 
because siderophilic metals prefer to associate with magma containing mostly Fe and Ni. 
Similar to many other metals, Co, Fe, and Ni also were well correlated with organic 
matter, but Mn was more closely associated with CaCO3. Although this correlation is not 
as strong as that with Sr and Ba, it may be explained by prior findings of calcite and 
aragonite containing minor metal constituents such as Mn (Li and Schoonmaker, 2004).  
 
SPATIAL DISTRIBUTION IN SURFACE SEDIMENTS 
No clear trends in metal EFs with distance from the nearest coastline were evident 
for most metals when spatially examining concentrations on the continental margin on a 
station by station basis (Figures 3A-D). For many metals, EFs were greatest at Stations 1 
and 2 and decreased with distance from shore but were variable further out on the 
continental margin. Pb and U show decreasing EFs with distance from the nearest coast 
while EFs of Sr were opposite (Figures 3A-D). Increasing EFs of Sr with distance from 
shore is potentially a result of foraminifera primary productivity. CaCO3 deposition on 
continental shelves is dominated by aragonite (Stoll and Schrag, 1998), and planktonic 
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 FIGURE 3A. Enrichment factors (EF) of total recoverable metals in surface sediment 
(upper 6 cm) as a function of distance from the nearest coast. 
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FIGURE 3B. Enrichment factors (EF) of total recoverable metals in surface sediment    
      (upper 6 cm) as a function of distance from the nearest coast. 
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FIGURE 3C. Enrichment factors (EF) of total recoverable metals in surface sediment    
      (upper 6 cm) as a function of distance from the nearest coast. 
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FIGURE 3D. Enrichment factors (EF) of total recoverable metals in surface sediment   
      (upper 6 cm) as a function of distance from the nearest coast. 
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foraminifera production generally increases with distance from shore within my study 
area (Bé and Tolderlund, 1971). Although atmospheric deposition of Pb is a source to the 
marine environment, the decreasing trend of EFs with distance from shore suggests 
terrestrial sources, including runoff of atmospherically deposited Pb and U, may 
dominate over direct atmospheric input within the study area.   
The overall lack of trends in EFs with distance from shore was expected due to 
numerous factors that contribute to deposition of metals to marine sediments. Sampling 
stations in this study were spread over a broad area (> 10
5
 km
2
) and there are differences 
in depositional processes from terrestrial and biologic sources as well as currents that 
control transport of marine sediment. The rate at which these processes occur is 
temporally variable and can result in either net deposition or erosion of marine sediment. 
Bioturbation across the continental margin was not quantified in this study, but the effect 
of organisms reworking marine sediment may have a significant effect on spatial and 
vertical concentration gradients because vertical particle distribution in marine sediment 
is affected by benthic marine organisms (Rhoads, 1974). 
Turbidity currents on the continental slope also can transport fine-grained 
sediment on the continental margin (Lowe, 1979), which may be causing wide variations 
in concentrations and EFs on the rise (Figure 3). While large-scale transport events may 
be more readily identified, it is difficult to account for every geologic mobilization of 
sediment over a large area such as the continental margin. Large scale transport events 
may yield more obvious stratigraphic incompleteness, but small scale variations that 
affect deposition, erosion, and reworking of sediment via bioturbation on the order of a 
few decades may not yield such clear geologic unconformities.  
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A comparison of metal EFs in surface sediment showed that there were consistent 
differences among regions of the continental margin (Table 4). The EF of most metals 
decreased from the near-shore to far-shore continental shelf before decreasing further on 
the slope and increasing on the rise. Such a distribution is expected because sediments 
further from shore are less impacted by terrigenous inputs and the metal concentrations of 
sediments at greater depths may be less influenced from atmospheric inputs during the 
past 150 years. The increase of sediment Hg concentrations and other metal 
concentrations and EFs from the continental slope to the rise may be due to winnowing of 
fine-grained sediments from the continental shelf to the continental rise by turbidity 
currents. 
In near-shore sediments, all chalcophilic and siderophilic metals except Ga and Tl 
were enriched relative to upper continental crust. In contrast, all lithophiles except Cr, Li, 
and V were depleted (Table 4), presumably because only the total recoverable fraction of 
sediment was obtained. Near-shore enrichment is most likely the result of terrigenous 
inputs from anthropogenic sources; EFs > 1.5 were observed for Ag, As, Hg, Pb, Zn, Cr, 
Li, V, Co and Ni. Terrigenous inputs from natural weathering and erosion would not 
cause the EF to differ from unity. 
Sediments on the far-shore continental shelf and slope were depleted of most 
metals, with the notable exceptions of Ag, As, and Hg, which had EFs > 1.5 (Table 4). 
Although atmospheric deposition of metals is ubiquitous across the continental margin, 
inputs of Ag, As, and Hg to the far-shore continental shelf and slope are likely dominated 
by atmospheric sources because most of the other metals in this study were depleted (EF 
< 1) in these regions. Most of these depleted metals showed a decrease in EFs from the 
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TABLE 4.  Mean (± 1 SD) enrichment factors of total recoverable metals in surface 
   sediment (upper 6 cm) on the continental margin of the northwest Atlantic 
  Ocean. 
 
Metal 
Regions of the continental margin 
Near-shore shelf Far-shore shelf Slope Rise 
Chalcophiles 
Ag 7.8 ± 4.4 2.0 ± 0.51 1.7 ± 0.34 1.3 ± 0.24 
As 13 ± 3.7 6.3 ± 1.5 4.3 ± 2.0 4.1 ± 0.76 
Cd 1.4 ± 0.44 0.86 ± 0.14 0.78 ± 0.34 0.91 ± 0.51 
Cu 1.1 ± 0.53 0.56 ± 0.18 0.52 ± 0.23 0.93 ± 0.28 
Ga 0.69 ± 0.41 0.36 ± 0.091 0.35 ± 0.11 0.51 ± 0.091 
Hg 9.3 ± 5.6 1.9 ± 0.86 1.6 ± 0.65 2.6 ± 0.55 
In 1.3 ± 0.076 0.47 ± 0.11 0.52 ± 0.22 0.72 ± 0.51 
Pb 1.8 ± 0.45 0.87 ± 0.23 0.53 ± 0.13 0.72 ± 0.13 
Tl 0.37 ± 0.19 0.20 ± 0.043 0.19 ± 0.051 0.22 ± 0.086 
Zn 2.3 ± 1.3 1.2 ± 0.32 1.1 ± 0.32 1.1 ± 0.21 
Lithophiles 
Al 0.28 ± 0.057 0.27 ± 0.046 0.24 ± 0.067 0.27 ± 0.039 
Ba 0.18 ± 0.11 0.091 ± 0.035 0.15 ± 0.11 0.34 ± 0.097 
Be 0.63 ± 0.37 0.36 ± 0.091 0.33 ± 0.053 0.32 ± 0.045 
Cr 1.9 ± 0.58 0.94 ± 0.35 0.87 ± 0.20 0.87 ± 0.15 
Li 2.7 ± 1.8 1.4 ± 0.46 1.1 ± 0.35 1.2 ± 0.28 
Sr 0.21 ± 0.062 0.17 ± 0.062 0.58 ± 0.21 1.3 ± 0.73 
U 0.72 ± 0.28 0.47 ± 0.15 0.47 ± 0.10 0.25 ± 0.038 
V 1.6 ± 0.79 0.93 ± 0.23 0.82 ± 0.14 0.94 ± 0.079 
Siderophiles 
Co 1.5 ± 1.1 0.86 ± 0.33 0.62 ± 0.20 0.98 ± 0.22 
Mn 1.3 ± 0.94 0.89 ± 0.40 0.48 ± 0.18 2.3 ± 1.4 
Ni 2.1 ± 1.5 1.2 ± 0.38 1.0 ± 0.30 1.6 ± 0.46 
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far-shore continental shelf to the slope because terrigenous sources are likely dominating 
their input to the marine environment.  
Enrichment factors of As, Hg, Mn, and Ni were much greater than unity in 
sediments on the continental rise. This was surprising because deep-ocean waters have 
not been significantly impacted by anthropogenic inputs of metals via atmospheric 
deposition (Mason et al., 2012). Enrichment of As, Hg, and Ni in sediments on the rise 
may suggest turbidity currents and winnowing of fine-grained sedimentary particles off 
the continental shelf have allowed the effects anthropogenic activity to reach the deep 
ocean. In contrast, enrichment of Mn on the continental rise is probably not a result of 
anthropogenic inputs. Instead, Mn enrichment in surface sediments on the rise is more 
likely a result of diagenetic processes. Mn is deposited to sediments as an oxide, reduced 
and dissolved in anoxic sediments, and slowly migrates and accumulates upon re-
oxidation in the oxidized top layers (Lynn and Bonatti, 1965), resulting in the 
enrichments similar to these findings. Despite these possibilities, the role of hydrothermal 
vents emissions on metal enrichment cannot be discounted.  
 
VERTICAL DISTRIBUTION IN SURFACE SEDIMENTS 
 Cores of surface sediment as deep as 19 cm were obtained at Station 18 on the 
continental shelf at a water depth of 80 m, and Stations 7 and 22 on the continental rise at 
depths of 1775 and 2300 m, respectively (Figures 4A; 4B). These cores allow 
interpretation of vertical metal distributions in sediments on two regions of the 
continental margin that differ in depositional environments (shelf vs. deep ocean), 
biological productivity, and diagenetic processes.
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FIGURE 4A. Vertical profiles of metals in sediment cores from Station 18 on the  
    continental shelf and Stations 7 and 22 on the continental rise of the 
    northwest Atlantic Ocean.  
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FIGURE 4B. Vertical profiles of metals in sediment cores from Station 18 on the 
    continental shelf and Stations 7 and 22 on the continental rise of the 
    northwest Atlantic Ocean. 
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Most metal concentrations were relatively homogeneous with sediment depth, 
although some metals were slightly variable in their vertical distribution. These variations 
in concentration with depth could result from either bioturbation or changes in short term 
depositional patterns and biological productivity in the water column. However, vertical 
distributions of several metals suggest either anthropogenic enrichment over time or 
unique oceanographic processes have occurred.  
Sediment profiles of Hg and Pb (Figure 4B) show surface enrichment beginning 
around 17 cm at Station 18, 6 cm at Station 7, and 5 cm at Station 22, which may be a 
result of anthropogenic loadings.  Hg inputs are derived almost entirely from the 
atmosphere at these remote locations (Hammerschmidt and Fitzgerald, 2006). The trends 
of increasing Hg and Pb concentrations toward the surface are consistent with both 
loadings of these metals to the atmosphere and ocean which have increased significantly 
during the past 150 years. Although profiles of As do not increase in all three cores 
across the continental margin, an increase similar to that of Hg and Pb at Station 7 was 
observed around 6 cm. Based on these concentration increases and considering 
significant loadings of these metals began at least 150 years ago, I estimate sediment 
accumulation rates (not accounting for compaction or mixing via bioturbation) of about 
0.1 cm yr
-1
 at Station 18, 0.04 cm yr
-1
 at Station 7, and 0.03 cm yr
-1 
at Station 22. These 
accumulation rates are less than those in Long Island Sound (0.75 cm yr
-1
; Benoit et al., 
1979) and within range of those observed on the continental slope about 80 km off the 
coast of North Carolina (0.007-1.1 cm yr
-1
; DeMaster et al., 1994).
30 
Several unique diagenetic phenomena were observed for Cd, Mn, and U in the 
surface sediment long-cores (Figures 4A; 4B). Vertical concentration gradients of Mn 
and Cd ultimately depend on the redox boundary between oxic and reduced layers in 
sediment that fluctuates based on input of organic carbon (Jensen et al., 1995; Thamdrup 
et al., 1994). As explained by Gobeil et al. (1997), Mn dissolves in reducing sediments 
which leads to decreased solid-phase Mn and increased pore-water Mn concentrations in. 
Conversely, Mn precipitates in the presence of oxygen which causes an increase in solid-
phase and a decrease in pore water Mn concentrations (Klinkhammer and Palmer, 1991). 
Dissolved Mn from reducing sediments diffuses upward based on the concentration 
gradient, reacts with oxygen, and re-precipitates into a solid phase that remains when the 
redox boundary moves downward. In my cores, Mn is depleted in reduced sediment at 
depth and increased in oxidized sediment near the top of each core. This transition occurs 
at about 5 cm depth in sediment at Station 18 and around 8−10 cm at Stations 7 and 22 
(Figure 4B). Similar vertical profiles have been observed in several locations including 
the Gulf of St. Lawrence and the Beaufort and Chukchi Seas (Gobeil et al., 1997).  
Gobeil et al. (1997) also explain the redox processes that lead to an inverse 
gradient in Cd concentrations compared to Mn, the details of which are described in this 
paragraph. Gobeil et al. (1997) bases this process on the assumption that the authigenic 
solid phase for Cd is a sulfide. The increasing downward concentration gradient of Cd is 
a result of Cd precipitation with sulfide produced by sulfate reduction. As the sulfate 
reduction boundary moves upward based on influx of organic matter, sulfide is left 
behind that reacts with Cd oxides and releases Cd to pore water where it 
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can diffuse downward and precipitate as CdS. When this boundary moves downward, 
solid phase Cd is oxidized along the way. This oxidized Cd is released to pore water and 
diffuses downward where it reacts with sulfide and re-precipitated. Gobeil et al. (1997) 
suggest this diagenetic phenomena can concentrate Cd into a thin layer at the lower limit 
of the process, which in this case may be around 12 cm at Stations 18 and 7 and around 
17 cm or lower at Station 22 (Figure 4A). Similar to Mn, this process appears to occur 
around a depth of 10 cm at Stations 7 and 22 (Figure 4A).  
Uranium exists in seawater as stable and soluble U(VI) carbonate complexes 
(Langmuir, 1978) and is believed to be conservative in oxygenated seawater (Ku et al., 
1977). Uranium diffuses from seawater across the sediment-water interface of organic-
rich sediments as dissolved U is drawn into suboxic sediments along a concentration 
gradient that is established by precipitation of an insoluble phase that forms when U(VI) 
is reduced to U(IV) (Klinkhammer and Palmer, 1991). This U reduction could be 
microbially mediated because Fe-reducing organisms can use U for electron transport 
(Lovely et al., 1991), but nonetheless, anoxic sediments have elevated U concentrations 
relative to non-reducing environments (McManus et al., 2005). Sediment profiles at 
Stations 18, 7, and 22 show evidence of this diffusion process as concentrations increase 
with depth similar to findings by Klinkhammer and Palmer (1991), and especially in the 
upper 5 cm at Station 18 and between 8-12 cm at Stations 7 and 22 which is consistent 
with redox boundaries that are seen in vertical profiles of Mn and Cd (Figures 4A; 4B). 
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COMPARISONS TO PREVIOUS STUDIES 
 Al and Fe concentrations from this study agree well with others from various 
ocean basins. Fe and Al concentrations in this study ranged on average from 2.7 to 3.4% 
and 1.6 to 2.2%, respectively. These Fe concentrations are similar to an average 
concentration of 4.2% from the Deep Sea Drilling Project along the east and west 
margins of the North and South Atlantic Ocean (Lew, 1981). Al concentrations along the 
United States’ Atlantic near-shore shelf ranged from 4.1 to 9.8%, while 4.6 to 14% Fe 
was reported on the near-shore shelf of the Gulf of Mexico (Weisberg et al., 2000). Fe 
and Al concentrations were around 3% and 8%, respectively, on the northwest Mexican 
continental margin in the Pacific Ocean (Nameroff, 2002). Sediments containing 
1.7−5.5% Al and 1.3−5.9% Fe were reported in coastal and off-shore sediments from the 
Ross Sea (Ianni, 2010). Sediment Fe concentrations determined in this study also agree 
well with those in deposits off the Iberian Peninsula on the northeast Atlantic margin 
(0.8−3.5%; Prego et al., 2013). Sediments with >50% bulk CaCO3 on the slope of 
Mauritania contained only 0.99% Fe and were composed of 2.9% Al (Nolting et al., 
1998). Although differences in Al and Fe sediment concentrations suggests varying rates 
of loading that are possibly due to regional variation in lithogenic Al and Fe 
concentrations and rates of weathering and erosion, given such a wide range of 
geographical study areas, there is generally good agreement in Al and Fe concentrations 
in marine sediment between this study and others globally.  
 Other metals examined in this study have not been as extensively studied by 
others, but there have been several investigations of heavy metals in marine sediment. 
Average As concentrations on the near-shore shelf in this study were about 250 nmol g
-1
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and 67−110 nmol g
-1
 farther off-shore. These concentrations are consistent with those in 
Puget Sound (43–200 nmol g
-1
; Crecelius et al., 1975), but greater than average 
concentrations determined on the Atlantic (5.3 nmol g
-1
; 130 nmol g
-1
 maximum) and 
Gulf (1.3 nmol g
-1
; 12 nmol g
-1
  maximum) coasts of the United States reported by 
Weisberg et al. (1999). Significantly higher As concentrations (25−7000 nmol g
-1
) have 
been found off the coast of Spain (Riba, 2004). 
Cd concentrations in this study averaged around 1.1 nmol g
-1
 on the near-shore 
shelf and 0.53−0.71 nmol g
-1
 across the rest of the margin. Average near-shore 
concentrations only show order of magnitude agreement with those observed on the 
Atlantic (4.4 nmol g
-1
) and Gulf (1.8 nmol g
-1
) coasts of the United States (Weisberg et 
al., 2000). Similar concentrations were also found on the near-shore shelf in the Bering 
Sea and Arctic Ocean (0.80–8.2 nmol g
-1
; Cai et al., 2011), in the Ross Sea (1.3−1.9  
nmol g
-1
; Ianni, 2010), on the continental slope of Mauritania (2.9 nmol g
-1
; Nolting et al., 
1998), and in the Gulf of Mannar (1.8 nmol/g; Sundararajan and Srinivasalu, 2010). 
Significantly greater concentrations were however found off the coast of Spain (18−52 
nmol g
-1
; Riba, 2004), and on the margin off of northwest Mexico (8.9−107 nmol g
-1
; 
Nameroff, 2002).  
Co concentrations in sediments on the Australian shelf near Sydney ranging from 
10 to 78 nmol g
-1
 were reported by Matthai and Birch (2002), which are less than the 
average concentrations of Co on the continental slope (83 nmol g
-1
) and near-shore shelf 
(200 nmol g
-1
) in this study. However, Co concentrations up to 135 nmol g
-1
 in deposits 
on the northeast Atlantic coast off the Iberian Peninsula have been reported (Prego et al., 
2013). Average Cr concentrations on the Atlantic (596 nmol g
-1
) and Gulf (846 nmol g
-1
) 
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coasts of the United States (Weisberg et al., 2000) agreed well with those measured 
across the margin in this study (462−1192 nmol g
-1
), as do concentrations off the coast of 
Spain (62−1423 nmol g
-1
; Riba, 2004), in the Bering Sea and Arctic Ocean (171−904 
nmol g
-1
; Cai et al., 2011), in the Ross Sea (327−1735 nmol g
-1
; Ianni, 2010), and in the 
Gulf of Mannar (1539 nmol g
-1
; Sundararajan and Srinivasalu, 2010). 
 Mean Cu concentrations determined in this study (173–362 nmol g
-1
) agreed well 
with average near-shore concentrations on the United States Atlantic (488 nmol g
-1
) and 
Gulf (173 nmol g
-1
) coasts (Weisberg et al., 2000). Similar concentrations were observed 
in sediments of the Bering Sea and Arctic Ocean (771 nmol g
-1
), on the Australian shelf 
near Sydney (< 315 nmol g
-1
), off the Iberian Peninsula (472 nmol g
-1
), on the eastern and 
western shelf of the North and South Atlantic Ocean (929 nmol g
-1
), on the northwest 
Mexican margin (157−787 nmol g
-1
), in near and far-shore sediments in the Ross Sea 
(157−551 nmol g
-1
), and in the Gulf of Mannar (629 nmol g
-1
; Cai et al., 2011; Matthai 
and Birch, 2002; Prego et al., 2013; Lew, 1981; Nameroff, 2002; Ianni, 2010; 
Sundararajan and Srinivasalu, 2010). Cu concentrations off the coast of Spain were 
highly variable (20 nmol g
-1
−38 μmol g
-1
; Riba, 2004) and were also significantly higher 
in the Wharton Basin of the Indian Ocean (1.6−7.9 μmol g
-1
; Pattan et al., 1995) in 
comparison to results from this study. Such variability in Cu concentrations on the 
Spanish coast could be due to contamination from mining activities at the Riotinto Mines 
in southwestern Spain, while geographical differences in crustal Cu concentrations may 
be an explanation for higher Cu content in sediments in the Wharton Basin.  
 Average near-shore Hg concentrations of about 750 pmol g
-1 
determined in this 
study are comparable to those in nearby Long Island Sound (up to 2000 pmol g
-1
; 
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Hammerschmidt et al., 2004) and agreeable but generally lower than concentrations off 
the coast of Spain from about 550 to 17000 pmol g
-1 
(Riba, 2004). Hg concentrations in 
sediment on the continental shelf of southern New England (up to 100 pmol g
-1
; 
Hammerschmidt and Fitzgerald, 2006) agree well with off-shore sediment concentrations 
of about 120 pmol g
-1 
in this study. Reported concentrations in sediment on the mid-
Atlantic continental shelf and slope were 18 and 210 pmol g
-1
, respectively (Hollweg et 
al., 2010); this average concentration of Hg in sediment on the shelf is less than the 
average off-shore concentrations in this study, while the average concentration on the 
slope reported by Hollweg et al. (2010) agrees better with the 95 pmol g
-1 
observed on the 
slope in this study. Hg concentrations in sediment from the near-shore shelf in this study 
are lower than those found in highly polluted areas such as the New York/New Jersey 
Harbor Estuary (up to 1000 pmol g
-1
; Balcom et al., 2008) and Boston Harbor (up to 
12000 pmol g
-1
; Benoit et al., 2006). Similarly, up to 16000 and 2000 pmol g
-1 
Hg were 
found in sediment on the Atlantic and Gulf coasts, respectively, of the United States 
(Weisberg et al., 2000). Such variability and wide ranging concentrations are possibly the 
result of differences in near-shore environments. Not only are near-shore environments 
subject to atmospheric deposition like the open ocean, they are also subject to differences 
in natural weathering and erosion, as well as impacts from urban areas and subsequent 
variations in levels of contamination.  
 Ni concentrations in this study area ranged from about 273 to 596 nmol g
-1 
on the 
continental margin, which agree well with average concentrations on the Atlantic and 
Gulf coasts of the United States (307 and 290 nmol g
-1
; Wisberg et al., 1999) and also fall 
within the concentration range reported in sediments off the coast of Spain (29−630 
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nmol g
-1
; Riba, 2004). Similar concentrations were found in sediments off the Iberian 
Peninsula (937 nmol g
-1
; Prego et al., 2013), in the Ross Sea (170−682 nmol g
-1
; Ianni, 
2010), and in the Gulf of Mannar (767 nmol g
-1
; Sundararajan and Srinivasalu, 2010).  
 The range of Pb concentrations measured in surface sediments on the continental 
margin of the northwest Atlantic Ocean (39−180 nmol g
-1
) was within the range reported 
in sediment from other ocean basins. These locations include off the coast of Spain 
(22−2075 nmol g
-1
; Riba, 2004), in the Wharton Basin of the Indian Ocean (up to 482 
nmol g
-1
; Pattan et al., 1995), and in the Bering Sea and Arctic Ocean (4.8–72 nmol g
-1
; 
Cai et al., 2011). Average concentrations in sediment on the Atlantic (290 nmol g
-1
) and 
Gulf (77 nmol g
-1
) coasts, respectively, of the United States (Wesiberg et al., 1999) were 
similar to those found on the Australian continental shelf (12–130 nmol g
-1
; Matthai and 
Birch, 2002). Pb concentrations in sediments on the slope of Mauritania, in the Ross Sea, 
and in the Gulf of Mannar ranged from 22 to 77 nmol g
-1 
(Nolting et al., 1998; Ianni, 
2010; Sundararajan and Srinivasalu, 2010).    
 Although only the total recoverable fraction of Sr and U were obtained in this 
study, had full recovery been achieved, good agreement with other studies may have been 
observed. Sr concentrations in the Wharton Basin of the Indian Ocean were typically 
around 2.3 μmol g
-1
, which agrees well with concentrations ranging from about 0.57 to 
4.5 μmol g
-1 
in this study; however, concentrations up to 12.5 μmol g
-1
 were also 
observed at this location (Pattan et al., 1995), possibly due to increased foraminifera 
productivity. U concentrations in this study were less than 8.4 nmol g
-1 
on average and 
lower than reported concentrations in sediments off the northwest coast of Mexico (12.6–
63 nmol g
-1
; Nameroff, 2002). While there are possible geographic differences in U 
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concentrations, had U been fully recovered in this study, concentrations may have fallen 
within that range. Similarly, V concentrations of about 0.79 to 1.7 μmol g
-1 
may not 
represent the full concentration in sediment within our study area due to incomplete 
recovery; however, concentrations ranging from 0.79 to 2.9 μmol g
-1 
were reported on the 
continental margin off the northwest coast of Mexico (Nameroff, 2002) and average 
concentrations in the Bering Sea and Arctic Ocean (0.59–3.7 μmol g
-1
; Cai et al., 2011) 
generally agree with results from this study.  
 Zn is the one of the most commonly measured metals in marine sediment, other 
than Al and Fe, and was analyzed most often among the other studies discussed here. 
Concentrations on the continental margin in this study ranged from about 920 to 2100 
nmol g
-1
. Reported mean concentrations of 734 and 673 and nmol g
-1 
on the Atlantic and 
Gulf coasts, respectively, of the United States agree well with this study (Weisberg et al., 
2000). Continental shelf sediments off the coast of Sydney, Australia were reported to 
contain concentrations from 72 to 1250 nmol g
-1
 (Matthai and Birch, 2002). Zn 
concentrations in Bering Sea and Arctic Ocean sediments ranged from 321 to 2600 nmol 
g
-1
 (Cai et al., 2011), and concentrations of 765 to 1900 nmol g
-1 
were reported in 
sediments from the Ross Sea (Ianni, 2010). Other findings include 1100 nmol g
-1
 Zn in 
the Gulf of Mannar, an average of 1680 nmol g
-1 
in sediments on the North and South 
Atlantic continental shelves, and about 460 nmol g
-1
 on the slope of Mauritania 
(Sundararajan and Srinivasalu, 2010; Lew, 1981; Nolting et al., 1998). Concentrations off 
the coast of Spain were widely variable, ranging from 96 nmol g
-1
 to 41 μmol g
-1
; Riba, 
2004) and upwards of 3800 nmol g
-1 
were reported in the Wharton Basin of the Indian 
Ocean (Pattan et al., 1995). 
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Metal concentrations in sediment from this study are generally agreeable with 
numerous other studies from various geographic regions but there was also variation in 
some cases. This variation is possibly due to differences in natural lithogenic metal 
concentrations and anthropogenic input that subsequently cause changing magnitudes of 
loadings to the marine environment. In summary, Ag, As, Cr, Hg, Li, Ni, Pb, V, and Zn 
were significantly enriched in near-shore sediments, likely as a result of anthropogenic 
inputs. Furthermore, significant enrichment of As, Hg, and Ni in sediments on the 
continental rise suggests that the influence of human activities on the environment or 
hydrothermal vent emissions have enriched areas of the deep ocean on the continental 
margin of the northwest Atlantic Ocean. 
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IV. IMPROVEMENTS IN EXPERIMENTAL DESIGN 
 EFs in this study were calculated using average metal concentrations in the upper 
continental crust and normalizing observed metal concentrations in sediment within this 
study area to Fe. Although normalizing metal concentrations in marine sediment to 
average metal concentrations in Earth’s crust is a widely accepted method (e.g. 
Daskalakis and O’Connor, 1995), these average concentrations may not be the best proxy 
for all regions of the marine environment. Natural background metal concentrations vary 
spatially between different regions around the world, which was evident in numerous 
studies of metals in marine sediment that were compared to this study. The most accurate 
EFs on the continental margin of the northwest Atlantic Ocean could have been 
calculated if data for natural background metal concentrations in New England were used 
to normalize data that was obtained in this study. Unfortunately, and to my knowledge, 
such data does not exist for all metals in this study. However, natural background 
concentrations in this region for Hg were obtained; as a result, Hg EFs may be more 
accurate than EFs that were calculated for other metals. 
 As previously discussed, the HNO3/HCl acid digestion method used in this study 
did not result in full recovery of several metals, particularly the lithophiles. Had HF been 
used, full recovery may have been achieved. Full recovery would have allowed 
comparison without exceptions between metals and bulk sedimentary constituents for all 
metals, as well as EFs that represented total metal content, rather than only total 
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recoverable metal content for several metals. This downfall in the digestion method also 
prevented comparison of EFs using both Al and Fe as normalizing proxies. Since Al and 
Fe input to the marine environment is dominated by natural sources (Tippie, 1984), 
similar EFs may have been observed using both sedimentary constituents. Calculating 
EFs with both Al and Fe would have added another element to this study that could have 
compared the effectiveness of Al and Fe to normalize metal concentrations in marine 
sediment. Similarly, metal concentrations could have also been normalized using 
sedimentary organic content. This would have not allowed for calculation of EFs, but it 
would have allowed metal concentrations to be evaluated by eliminating any impact 
biological productivity may have in observed metal concentrations in sediment.  
 Improvements in sampling could also be made for future studies. More stations 
could be included to gain a better understanding of near-shore concentrations across the 
entire study area, rather than only having two near-shore stations that do not allow 
longitudinal variations to be observed. Near-shore stations along the coast of New Jersey, 
Long Island, Rhode Island, Massachusetts, New Hampshire, and Maine would have 
allowed for a better understanding in near-shore spatial variations. Furthermore, this 
would allow a better understanding of latitudinal spatial variations along specific 
transects. Stations could be positioned in similarly spaced straight-line transects out to the 
continental rise, much like is seen along the transect from Stations 2 through 6 (Figure 1). 
Unfortunately, metal concentrations along this particular transect could not be evaluated 
because the full upper 6 cm of sediment was not obtained at each station in this transect 
during sampling. 
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 Although immense amounts of data were obtained and evaluated that led to new 
knowledge regarding distribution of metals in marine sediments on the continental 
margin of the northwest Atlantic Ocean, numerous ways of improving experimental 
design were also discovered that may aid future investigations. In addition to the 
intellectual merit and new knowledge provided by this work, an extensive dataset of 
metal concentrations in marine sediment also exists that can be analyzed by other 
researchers through methods not utilized here.  
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VII. APPENDIX 
 
Lat (N) Long (W)
1 - 2008 41
o
 57' 70
o
 18' 35 0-6 68 ± 6.5 0.82 ± 0.038 4.5 ± 0.53 7.7 ± 0.98
1 - 2009 41
o
 57' 70
o
 18' 35 1-6 65 ± 3.1 0.80 ± 0.020 4.2 ± 0.18 7.6 ± 0.20
1 Flux - 2009 41
o
 57' 70
o
 18' 35 0-2
a
68 ± 4.3 0.82 ± 0.026 3.7 ± 0.39 7.3 ± 0.39
2 - 2008 43
o
70
o
 13' 150 0-6 74 ± 4.6 0.86 ± 0.026 6.7 ± 0.26 9.4 ± 0.36
2 Flux - 2008 43
o
70
o
 13' 150 0-2
a
73 ± 2.3 0.85 ± 0.013 5.6 ± 0.12 9.5 ± 0.20
2 - 2009 43
o
70
o
 13' 180 0-2, 4-6 74 ± 4.8 0.86 ± 0.027 6.2 ± 0.42 9.6 ± 0.12
2 Flux - 2009 43
o
70
o
 13' 180 0-2
b
73 ± 2.2 0.85 ± 0.013 6.0 ± 0.14 9.3 ± 0.15
3 - 2008 43
o
69
o
 18' 195 0-2, 4-6 72 ± 5.8 0.84 ± 0.035 5.8 ± 0.43 9.2 ± 0.11
4 - 2008 43
o
68
o
160 0-6 32 ± 5.0 0.54 ± 0.055 2.4 ± 0.34 2.7 ± 0.49
4 - 2009 43
o
68
o
160 0-1
a
29 ± 2.0 0.50 ± 0.023 2.8 ± 0.30 2.9 ± 0.16
6 - 2008 43
o
65
o
 10' 168 0-6 44 ± 6.4 0.65 ± 0.056 2.4 ± 0.21 3.2 ± 0.30
6 Flux - 2008 43
o
65
o
 10' 168 0-2
b
52 ± 4.5 0.72 ± 0.035 2.7 ± 0.27 4.1 ± 0.080
6 - 2009 43
o
65
o
 10' 168 0-6 40 ± 4.7 0.62 ± 0.044 2.2 ± 0.20 3.1 ± 0.056
6 Flux - 2009 43
o
65
o
 10' 168 0-2
a
47 ± 3.3 0.68 ± 0.028 3.0 ± 0.20 3.2 ± 0.34
7 - 2008 42
o
 10' 64
o
 50' 1775 0-1, 2-6 66 ± 8.0 0.81 ± 0.050 9.1 ± 1.7 9.5 ± 0.28
0-6 65 ± 6.1 0.80 ± 0.038 11 ± 1.8 10 ± 0.56
6-12 57 ± 1.1 0.74 ± 0.0081 9.4 ± 0.83 9.3 ± 0.49
12-16 55 ± 0.94 0.73 ± 0.0069 9.4 ± 0.97 9.5 ± 0.42
8 - 2008 41
o
 45' 65
o
 25' 1970 0-6 37 ± 6.8 0.59 ± 0.065 4.8 ± 0.70 3.0 ± 0.43
8 Flux - 2008 41
o
 45' 65
o
 25' 1970 0-2
b
34 ± 4.2 0.55 ± 0.046 3.7 ± 0.75 2.6 ± 0.53
9 - 2008 40
o
 38' 66
o
 50' 760 0-6 34 ± 5.0 0.55 ± 0.053 3.5 ± 0.55 2.5 ± 0.71
9 Flux - 2008 40
o
 38' 66
o
 50' 760 0-2
a
36 ± 2.5 0.58 ± 0.026 3.3 ± 0.54 3.2 ± 0.23
9 - 2009 40
o
 38' 66
o
 50' 900 0-6 22 ± 1.7 0.41 ± 0.023 2.6 ± 0.088 3.9 ± 0.13
9B - 2009 40
o
 30.8' 67
o
 00.4' 750 0-1
a
23 ± 0.34 0.42 ± 0.004 3.0 ± 0.29 1.6 ± 0.14
9SE - 2010 40
o
 20' 66
o
 20' 2840 0-6 35 ± 1.5 0.57 ± 0.018 23 ± 2.2 3.4 ± 0.92
10 - 2008 40
o
 13' 68
o
 21' 209 0-4 20 ± 0.46 0.39 ± 0.0063 3.8 ± 0.72 1.0 ± 0.21
11 - 2008 39
o
 27.8' 68
o
 34' 2880 0-4 60 ± 0.77 0.77 ± 0.007 27 ± 4.6 10 ± 2.2
12 - 2008 38
o
 40' 70
o 
3176 0-6 65 ± 5.5 0.80 ± 0.035 30 ± 0.58 9.1 ± 0.12
12 Flux - 2008 38
o
 40' 70
o 
3176 0-2
a
68 ± 3.5 0.82 ± 0.022 27 ± 0.56 11 ± 0.19
12 - 2010 38
o
 40' 70
o 
3170 0-6 64 ± 4.2 0.80 ± 0.026 37 ± 1.2 7.1 ± 0.62
12 Flux - 2010 38
o
 40' 70
o 
3170 0-2
a
66 ± 3.2 0.81 ± 0.020 35 ± 2.4 7.5 ± 1.2
14 - 2008 39
o
 53.6' 71
o
 09.5' 600 0-6 46 ± 7.0 0.66 ± 0.059 7.9 ± 0.99 5.8 ± 0.49
15 - 2008 40
o
 35' 71
o
 30' 63 0-6 35 ± 6.4 0.57 ± 0.065 1.7 ± 0.26 2.2 ± 0.50
16 - 2009 41
o
 30' 64
o 
3490 0-1
b
49 ± 0.41 0.69 ± 0.0029 32 ± 0.42 8.1 ± 0.25
18 - 2010 40
o
 30' 71
o
80 0-6 64 ± 6.3 0.80 ± 0.039 5.5 ± 0.76 6.8 ± 0.72
0-6 60 ± 5.5 0.77 ± 0.037 6.0 ± 1.3 7.1 ± 0.38
6-12 50 ± 0.90 0.70 ± 0.0072 4.5 ± 0.21 6.0 ± 0.10
12-19 47 ± 1.5 0.68 ± 0.012 4.0 ± 0.26 5.8 ± 0.18
18 Flux - 2010 40
o
 30' 71
o
80 0-2
a
65 ± 3.0 0.80 ± 0.019 6.0 ± 0.46 6.7 ± 0.27
19 - 2010 40
o 
70
o
 25' 260 0-6 24 ± 3.1 0.44 ± 0.040 4.6 ± 0.65 2.0 ± 0.14
20 - 2010 39
o
 40' 71
o
 49.4' 620 0-6 52 ± 7.9 0.71 ± 0.060 7.3 ± 1.0 7.1 ± 0.50
21 Down - 2010 39
o
 08' 72
o
 12' 1330 0-6 62 ± 3.9 0.78 ± 0.026 8.2 ± 0.75 10 ± 0.17
21 Up - 2010 39
o
 14.1' 72
o
 18.9' 460 0-6 33 ± 3.3 0.54 ± 0.035 10 ± 0.42 3.1 ± 0.31
21 Up Flux - 2010 39
o
 14.1' 72
o
 18.9' 460 0-2
a
35 ± 3.5 0.56 ± 0.037 9.9 ± 0.64 2.8 ± 0.13
0-6 61 ± 4.0 0.77 ± 0.027 23 ± 0.50 9.5 ± 0.29
6-12 52 ± 0.36 0.71 ± 0.003 24 ± 1.2 9.2 ± 0.42
12-17 47 ± 2.6 0.67 ± 0.022 20 ± 3.8 9.1 ± 0.089
22 Flux - 2010 39
o
 35' 70
o
 15' 2300 0-2
a
61 ± 2.3 0.78 ± 0.015 31 ± 1.4 6.6 ± 0.50
23 - 2010 40
o
 5.5' 68
o
 38' 610 0-6 30 ± 3.9 0.51 ± 0.043 6.9 ± 0.71 2.2 ± 0.30
a
3 replicates of said sediment depth
b
2 replicates of said sediment depth
42
o
 10' 64
o
 50' 1775
Location Water 
Depth (m)
Sediment 
Depth (cm)
Water 
Content (%)
Porosity CaCO 3 (%) LO I (%)Station - Year
7 Long - 2008
18 Long - 2010
22 Long - 2010 39
o
 35' 70
o
 15' 2300
40
o
 30' 71
o
80
52 
 
 
 
1 - 2008 6.0 ± 1.0 3.1 ± 0.06 270 ± 102 0.48 ± 0.030 150 ± 5.1 1.1 ± 0.099 150 ± 5.1
1 - 2009 4.6 ± 0.26 2.6 ± 0.14 270 ± 67 0.44 ± 0.046 140 ± 9.7 1.3 ± 0.021 140 ± 6.8
1 Flux - 2009 4.3 ± 0.18 2.6 ± 0.24 320 ± 38 0.42 ± 0.031 140 ± 8.0 1.3 ± 0.18 130 ± 9.9
2 - 2008 1.5 ± 0.28 1.4 ± 0.33 240 ± 80 0.72 ± 0.024 210 ± 2.4 1.0 ± 0.30 270 ± 24
2 Flux - 2008 1.3 ± 0.094 3.1 ± 0.15 210 ± 51 0.67 ± 0.048 200 ± 5.3 0.82 ± 0.14 250 ± 9.5
2 - 2009 1.5 ± 0.25 3.5 ± 0.25 230 ± 67 0.68 ± 0.058 190 ± 14 0.79 ± 0.15 230 ± 16
2 Flux - 2009 1.4 ± 0.16 3.7 ± 0.41 220 ± 58 0.64 ± 0.055 200 ± 5.8 1.2 ± 0.60 250 ± 14
3 - 2008 1.1 ± 0.11 3.0 ± 0.13 160 ± 35 0.74 ± 0.003 190 ± 2.7 0.78 ± 0.26 310 ± 13
4 - 2008 0.57 ± 0.13 1.5 ± 0.40 85 ± 5.4 0.23 ± 0.086 72 ± 17 0.56 ± 0.15 130 ± 28
4 - 2009 0.71 ± 0.057 1.4 ± 0.030 62 ± 7.6 0.24 ± 0.0035 67 ± 4.0 0.78 ± 0.64 110 ± 8.5
6 - 2008 0.71 ± 0.069 1.9 ± 0.19 100 ± 37 0.31 ± 0.037 74 ± 7.6 0.58 ± 0.12 96 ± 13
6 Flux - 2008 0.60 ± 0.15 1.2 ± 0.18 170 ± 33 0.32 ± 0.053 68 ± 13 0.34 ± 0.14 100 ± 20
6 - 2009 0.77 ± 0.057 1.3 ± 0.14 72 ± 7.0 0.29 ± 0.035 68 ± 5.2 0.72 ± 0.087 93 ± 6.8
6 Flux - 2009 0.72 ± 0.057 1.4 ± 0.11 120 ± 27 0.30 ± 0.031 63 ± 6.6 0.55 ± 0.079 81 ± 14
7 - 2008 0.63 ± 0.064 2.1 ± 0.13 92 ± 18 2.0 ± 0.17 130 ± 7.9 0.84 ± 0.24 210 ± 17
0.78 ± 0.04 2.5 ± 0.16 80 ± 9.1 1.9 ± 0.12 130 ± 9.4 1.0 ± 0.18 180 ± 18
0.91 ± 0.19 2.4 ± 0.046 51 ± 5.2 2.1 ± 0.067 130 ± 5.1 1.5 ± 0.65 170 ± 11
0.79 ± 0.21 2.2 ± 0.073 61 ± 5.1 2.0 ± 0.079 130 ± 5.1 1.4 ± 0.23 170 ± 12
8 - 2008 0.35 ± 0.013 1.4 ± 0.14 47 ± 3.5 0.58 ± 0.025 78 ± 2.0 0.095 ± 0.098 78 ± 2.9
8 Flux - 2008 0.40 ± 0.10 1.1 ± 0.26 55 ± 13 0.47 ± 0.078 67 ± 4.5 0.29 ± 0.11 64 ± 5.9
9 - 2008 0.66 ± 0.18 1.3 ± 0.50 110 ± 32 0.28 ± 0.045 96 ± 24 0.16 ± 0.11 120 ± 43
9 Flux - 2008 0.75 ± 0.10 2.0 ± 0.30 150 ± 15 0.35 ± 0.058 120 ± 18 0.31 ± 0.063 150 ± 26
9 - 2009 0.47 ± 0.10 1.1 ± 0.36 68 ± 17 0.11 ± 0.020 260 ± 53 0.23 ± 0.027 31 ± 2.4
9B - 2009 0.36 ± 0.011 0.55 ± 0.19 38 ± 0.14 0.14 ± 0.010 31 ± 1.4 0.31 ± 0.029 30 ± 1.7
9SE - 2010 0.36 ± 0.033 0.85 ± 0.13 50 ± 10 0.77 ± 0.44 39 ± 2.5 0.39 ± 0.077 86 ± 4.4
10 - 2008 0.07 ± 0.012 0.35 ± 0.19 20 ± 3.4 0.026 ± 0.0072 12 ± 3.1 0.23 ± 0.062 9.2 ± 1.2
11 - 2008 0.59 ± 0.077 2.5 ± 0.079 53 ± 5.5 1.6 ± 0.014 110 ± 3.2 1.3 ± 0.29 170 ± 6.3
12 - 2008 0.58 ± 0.019 2.6 ± 0.17 86 ± 8.9 1.1 ± 0.15 110 ± 5.3 1.4 ± 0.18 210 ± 15
12 Flux - 2008 0.52 ± 0.062 2.1 ± 0.060 78 ± 10 1.1 ± 0.053 110 ± 3.8 1.5 ± 0.20 210 ± 5.4
12 - 2010 0.67 ± 0.074 2.6 ± 0.087 82 ± 4.3 1.3 ± 0.13 120 ± 3.7 1.4 ± 0.20 240 ± 15
12 Flux - 2010 0.75 ± 0.034 2.3 ± 0.54 62 ± 11 0.42 ± 0.022 86 ± 2.5 0.60 ± 0.27 76 ± 2.8
14 - 2008 0.44 ± 0.046 1.1 ± 0.36 50 ± 17 0.11 ± 0.010 51 ± 7.0 0.39 ± 0.047 43 ± 6.6
15 - 2008 0.54 ± 0.10 2.5 ± 0.051 66 ± 1.5 1.3 ± 0.027 93 ± 12 1.2 ± 0.61 160 ± 6.1
16 - 2009 1.0 ± 0.040 1.7 ± 0.042 130 ± 32 0.26 ± 0.010 120 ± 5.7 0.69 ± 0.050 95 ± 9.2
18 - 2010 0.79 ± 0.045 1.6 ± 0.055 120 ± 13 0.24 ± 0.014 110 ± 7.8 0.64 ± 0.034 90 ± 1.8
0.83 ± 0.10 1.5 ± 0.10 130 ± 14 0.22 ± 0.023 110 ± 4.0 0.73 ± 0.14 87 ± 2.4
0.82 ± 0.060 1.5 ± 0.074 160 ± 10 0.23 ± 0.015 120 ± 2.4 0.80 ± 0.040 93 ± 1.7
0.89 ± 0.053 1.8 ± 0.086 120 ± 7.6 0.24 ± 0.012 120 ± 3.8 0.62 ± 0.035 95 ± 4.7
18 Flux - 2010 0.31 ± 0.062 0.68 ± 0.15 100 ± 45 0.092 ± 0.018 66 ± 20 0.37 ± 0.044 41 ± 13
19 - 2010 0.69 ± 0.063 1.7 ± 0.077 64 ± 13 0.51 ± 0.017 100 ± 2.6 0.86 ± 0.23 97 ± 3.7
20 - 2010 0.85 ± 0.14 2.9 ± 0.42 89 ± 27 1.7 ± 0.24 140 ± 11 1.0 ± 0.37 150 ± 15
21 Down - 2010 0.44 ± 0.040 1.0 ± 0.15 27 ± 4.5 0.30 ± 0.045 62 ± 10 0.48 ± 0.22 61 ± 9.7
21 Up - 2010 0.49 ± 0.049 0.89 ± 0.050 50 ± 7.5 0.27 ± 0.016 56 ± 2.8 0.40 ± 0.10 57 ± 4.0
21 Up Flux - 2010 0.58 ± 0.12 2.3 ± 0.050 84 ± 14 1.5 ± 0.047 120 ± 5.1 0.72 ± 0.040 170 ± 3.1
0.65 ± 0.11 2.3 ± 0.10 62 ± 8.4 1.6 ± 0.037 110 ± 1.7 0.93 ± 0.35 150 ± 15
0.69 ± 0.032 2.4 ± 0.079 80 ± 17 1.6 ± 0.019 120 ± 1.9 1.5 ± 0.25 170 ± 20
0.75 ± 0.040 2.3 ± 0.15 59 ± 4.6 1.5 ± 0.083 120 ± 7.2 0.90 ± 0.13 170 ± 9.0
22 Flux - 2010 0.43 ± 0.041 1 ± 0.18 25 ± 6.5 0.26 ± 0.049 50 ± 3.3 0.27 ± 0.12 42 ± 2.2
23 - 2010 0.53 ± 0.019 2.6 ± 0.12 93 ± 3.8 1.3 ± 0.10 120 ± 5.7 1.3 ± 0.13 250 ± 14
a
3 replicates of said sediment depth
b
2 replicates of said sediment depth
Station - Year
7 Long - 2008
18 Long - 2010
22 Long - 2010
Be (nmol g
-1
) Cd (nmol g
-1
) Co (nmol g
-1
)Ag (nmol g
-1
) Al (%) As (nmol g
-1
) Ba (µmol g
-1
)
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1 - 2008 1.2 ± 0.050 320 ± 12 4.2 ± 0.36 120 ± 3.9 1200 ± 110 620 ± 240 5.0 ± 0.20
1 - 2009 1.3 ± 0.12 350 ± 33 3.9 ± 0.28 110 ± 7.3 1100 ± 140 260 ± 4.5 5.0 ± 0.43
1 Flux - 2009 1.2 ± 0.075 360 ± 94 4.0 ± 0.33 110 ± 7.4 940 ± 23 280 ± 43 4.8 ± 0.36
2 - 2008 1.1 ± 0.063 400 ± 12 2.6 ± 0.46 170 ± 11 280 ± 6.3 400 ± 39 8.2 ± 0.53
2 Flux - 2008 1.0 ± 0.048 410 ± 17 4.7 ± 0.17 150 ± 6.1 290 ± 7.7 310 ± 10 7.1 ± 0.33
2 - 2009 0.98 ± 0.043 360 ± 8.8 5.2 ± 0.33 150 ± 10 310 ± 9.1 320 ± 16 6.9 ± 0.32
2 Flux - 2009 1.1 ± 0.091 400 ± 24 5.5 ± 0.36 160 ± 16 280 ± 5.8 420 ± 69 7.5 ± 0.49
3 - 2008 0.99 ± 0.0069 430 ± 12 4.6 ± 0.25 150 ± 1.2 170 ± 24 270 ± 7.4 7.8 ± 0.046
4 - 2008 0.33 ± 0.116 130 ± 42 2.7 ± 0.34 55 ± 14 77 ± 32 160 ± 44 2.4 ± 0.55
4 - 2009 0.32 ± 0.057 140 ± 11 2.5 ± 0.12 57 ± 1.9 60 ± 8.6 140 ± 36 2.4 ± 0.084
6 - 2008 0.35 ± 0.040 160 ± 21 2.4 ± 0.21 62 ± 6.6 86 ± 13 120 ± 39 2.5 ± 0.26
6 Flux - 2008 0.38 ± 0.083 180 ± 34 2.2 ± 0.25 64 ± 10 95 ± 17 110 ± 27 2.6 ± 0.57
6 - 2009 0.35 ± 0.029 180 ± 14 2.2 ± 0.14 62 ± 6.6 88 ± 7.5 120 ± 17 2.5 ± 0.22
6 Flux - 2009 0.35 ± 0.029 170 ± 21 2.4 ± 0.18 62 ± 5.1 91 ± 11 150 ± 37 2.6 ± 0.19
7 - 2008 0.77 ± 0.045 430 ± 16 3.5 ± 0.27 180 ± 12 220 ± 20 220 ± 35 4.5 ± 0.36
0.68 ± 0.060 410 ± 14 3.9 ± 0.20 160 ± 11 220 ± 22 270 ± 20 3.9 ± 0.26
0.78 ± 0.075 450 ± 22 3.6 ± 0.14 180 ± 12 170 ± 7.3 270 ± 100 4.5 ± 0.56
0.79 ± 0.085 440 ± 23 3.5 ± 0.10 180 ± 11 180 ± 11 280 ± 170 4.6 ± 0.49
8 - 2008 0.38 ± 0.015 150 ± 10 2.6 ± 0.038 66 ± 2.0 91 ± 13 93 ± 11 1.8 ± 0.060
8 Flux - 2008 0.35 ± 0.026 110 ± 31 2.2 ± 0.25 55 ± 6.2 63 ± 13 110 ± 80 1.6 ± 0.17
9 - 2008 0.53 ± 0.13 170 ± 59 2.5 ± 0.57 74 ± 21 46 ± 8.2 110 ± 42 3.1 ± 1.2
9 Flux - 2008 0.61 ± 0.11 230 ± 48 3.3 ± 0.38 91 ± 14 52 ± 9.4 140 ± 30 3.9 ± 0.84
9 - 2009 1.2 ± 0.27 24 ± 1.9 8.5 ± 2.37 86 ± 18 25 ± 4.3 150 ± 48 2.6 ± 0.49
9B - 2009 0.13 ± 0.015 44 ± 6.4 1.4 ± 0.085 23 ± 1.6 34 ± 2.9 92 ± 38 0.77 ± 0.093
9SE - 2010 0.22 ± 0.0079 170 ± 6.2 1.7 ± 0.18 55 ± 14 96 ± 18 330 ± 110 1.4 ± 0.048
10 - 2008 0.03 ± 0.018 18 ± 2.6 0.8 ± 0.10 7.1 ± 1.3 21 ± 4.5 45 ± 56 0.23 ± 0.039
11 - 2008 0.74 ± 0.059 500 ± 10 3.5 ± 0.11 160 ± 3.1 210 ± n/a 130 ± 15 4.2 ± 0.11
12 - 2008 0.63 ± 0.029 520 ± 13 3.6 ± 0.19 130 ± 5.5 220 ± 9.1 330 ± 81 4.1 ± 0.21
12 Flux - 2008 0.62 ± 0.020 520 ± 22 3.1 ± 0.11 130 ± 4.0 230 ± 15 190 ± 28 3.8 ± 0.10
12 - 2010 0.75 ± 0.054 540 ± 27 3.6 ± 0.058 130 ± 4.7 220 ± 2.9 220 ± 14 4.6 ± 0.29
12 Flux - 2010 0.48 ± 0.0085 190 ± 7.7 3.4 ± 0.92 71 ± 1.6 110 ± 4.1 170 ± 62 2.8 ± 0.10
14 - 2008 0.28 ± 0.066 81 ± 17 2.0 ± 0.47 35 ± 4.3 61 ± 11 96 ± 70 1.6 ± 0.30
15 - 2008 0.65 ± 0.028 500 ± 37 3.4 ± 0.055 130 ± 1.5 130 ± 3.5 160 ± 42 3.5 ± 0.047
16 - 2009 0.77 ± 0.086 190 ± 35 2.7 ± 0.14 81 ± 5.5 200 ± 14 220 ± 37 3.9 ± 0.50
18 - 2010 0.69 ± 0.040 190 ± 4.8 2.7 ± 0.16 74 ± 2.7 160 ± 6.8 170 ± 16 3.3 ± 0.23
0.66 ± 0.045 180 ± 5.5 2.6 ± 0.10 71 ± 4.7 150 ± 2.7 170 ± 14 3.3 ± 0.27
0.74 ± 0.044 190 ± 4.6 2.7 ± 0.094 76 ± 2.0 140 ± 15 150 ± 27 3.7 ± 0.23
0.80 ± 0.038 200 ± 12 3.2 ± 0.11 76 ± 2.8 190 ± 4.5 220 ± 43 4.0 ± 0.19
18 Flux - 2010 0.30 ± 0.063 47 ± 4.9 2.5 ± 0.76 30 ± 6.9 32 ± 2.3 88 ± 19 1.3 ± 0.36
19 - 2010 0.61 ± 0.0088 250 ± 6.2 2.7 ± 0.071 80 ± 2.0 140 ± 4.8 180 ± 4.3 3.5 ± 0.032
20 - 2010 0.69 ± 0.087 340 ± 44 4.0 ± 0.43 140 ± 7.4 170 ± 31 460 ± 89 4.5 ± 0.42
21 Down - 2010 0.32 ± 0.052 110 ± 28 2.0 ± 0.21 49 ± 8.0 87 ± 8.6 110 ± 15 1.8 ± 0.36
21 Up - 2010 0.35 ± 0.018 120 ± 16 1.7 ± 0.08 48 ± 2.7 78 ± 5.1 120 ± 21 2.0 ± 0.092
21 Up Flux - 2010 0.72 ± 0.0071 410 ± 12 3.5 ± 0.15 140 ± 4.1 230 ± 25 190 ± 43 4.4 ± 0.030
0.72 ± 0.016 410 ± 24 3.4 ± 0.093 140 ± 3.2 200 ± 17 140 ± 12 4.4 ± 0.074
0.77 ± 0.040 450 ± 18 3.6 ± 0.22 140 ± 5.0 160 ± 21 160 ± 12 4.8 ± 0.25
0.70 ± 0.037 390 ± 21 3.4 ± 0.12 130 ± 8.0 230 ± 7.3 220 ± 10 4.4 ± 0.25
22 Flux - 2010 0.24 ± 0.018 68 ± 8.9 2 ± 0.17 33 ± 2.1 71 ± 7.5 160 ± 82 1.1 ± 0.09
23 - 2010 0.77 ± 0.040 560 ± 23 3.5 ± 0.13 140 ± 8.1 240 ± 8.9 170 ± 46 4.6 ± 0.29
a
3 replicates of said sediment depth
b
2 replicates of said sediment depth
18 Long - 2010
22 Long - 2010
Station - Year
7 Long - 2008
Fe (%) Ga (nmol g
-1
) Hg (pmol
 
g
-1
) In (pmol g
-1
) Li (µmol g
-1
)Cr (µmol g
-1
) Cu (nmol g
-1
)
54 
 
1 - 2008 8.2 ± 1.4 440 ± 17 180 ± 6.6 0.82 ± 0.12 1.0 ± 0.028 7.4 ± 0.42 1.5 ± 0.058 1.7 ± 0.075
1 - 2009 6.4 ± 0.47 470 ± 38 190 ± 16 0.64 ± 0.060 1.1 ± 0.052 7.3 ± 0.41 1.3 ± 0.10 2.0 ± 0.18
1 Flux - 2009 6.8 ± 0.98 450 ± 25 170 ± 6.4 0.66 ± 0.029 1.0 ± 0.067 6.6 ± 0.30 1.3 ± 0.091 1.9 ± 0.081
2 - 2008 16 ± 10 770 ± 39 150 ± 2.7 0.74 ± 0.086 1.3 ± 0.045 7.5 ± 1.2 1.8 ± 0.070 2.5 ± 0.14
2 Flux - 2008 15 ± 4.6 750 ± 29 150 ± 5.8 0.70 ± 0.046 1.2 ± 0.050 7.5 ± 0.85 1.7 ± 0.070 2.7 ± 0.14
2 - 2009 16 ± 6.7 700 ± 16 140 ± 3.7 0.74 ± 0.054 1.2 ± 0.11 6.7 ± 0.94 1.6 ± 0.079 2.4 ± 0.11
2 Flux - 2009 15 ± 3.5 750 ± 57 140 ± 11 0.70 ± 0.043 1.2 ± 0.028 7.1 ± 1.1 1.7 ± 0.15 2.4 ± 0.22
3 - 2008 19 ± 8.1 800 ± 13 130 ± 2.5 0.71 ± 0.060 1.0 ± 0.019 5.9 ± 1.2 1.8 ± 0.007 2.4 ± 0.023
4 - 2008 9.9 ± 5.4 270 ± 74 48 ± 14 0.44 ± 0.087 0.38 ± 0.098 2.9 ± 0.66 0.72 ± 0.13 0.84 ± 0.20
4 - 2009 5.2 ± 0.97 270 ± 39 37 ± 2.3 0.37 ± 0.012 0.40 ± 0.040 3.2 ± 0.37 0.62 ± 0.028 0.81 ± 0.066
6 - 2008 8.3 ± 5.0 270 ± 29 51 ± 5.6 0.47 ± 0.057 0.55 ± 0.027 4.0 ± 0.50 0.72 ± 0.048 0.79 ± 0.086
6 Flux - 2008 8.6 ± 2.3 290 ± 50 51 ± 8.9 0.49 ± 0.10 0.51 ± 0.048 3.7 ± 0.46 0.69 ± 0.16 0.93 ± 0.11
6 - 2009 4.1 ± 0.65 280 ± 17 57 ± 3.6 0.37 ± 0.025 0.56 ± 0.056 5.3 ± 0.28 0.64 ± 0.048 0.91 ± 0.088
6 Flux - 2009 7.9 ± 2.5 270 ± 24 49 ± 6.8 0.42 ± 0.040 0.49 ± 0.037 3.9 ± 0.29 0.64 ± 0.051 0.89 ± 0.090
7 - 2008 22 ± 4.1 660 ± 47 100 ± 8.5 3.2 ± 0.22 0.75 ± 0.10 3.3 ± 0.19 1.5 ± 0.040 1.5 ± 0.086
23 ± 5.9 620 ± 59 99 ± 12 3.6 ± 0.92 0.90 ± 0.099 3.3 ± 0.16 1.3 ± 0.058 1.6 ± 0.092
7.3 ± 2.1 620 ± 38 63 ± 2.0 3.1 ± 0.11 0.74 ± 0.047 6.1 ± 2.5 1.4 ± 0.089 1.6 ± 0.045
6.4 ± 0.49 630 ± 29 65 ± 4.2 3.2 ± 0.11 0.88 ± 0.12 8.4 ± 0.83 1.5 ± 0.12 1.6 ± 0.069
8 - 2008 7.3 ± 0.40 230 ± 7.0 43 ± 4.5 1.3 ± 0.19 0.30 ± 0.024 2.6 ± 0.10 0.73 ± 0.015 0.64 ± 0.018
8 Flux - 2008 5.7 ± 0.75 200 ± 25 36 ± 5.2 1.2 ± 0.25 0.27 ± 0.043 2.3 ± 0.08 0.64 ± 0.071 0.57 ± 0.072
9 - 2008 4.6 ± 1.9 310 ± 110 35 ± 9.4 0.71 ± 0.12 0.47 ± 0.15 3.8 ± 0.72 0.88 ± 0.20 0.88 ± 0.27
9 Flux - 2008 7.0 ± 1.8 420 ± 81 45 ± 8.0 0.72 ± 0.11 0.64 ± 0.065 4.5 ± 0.47 1.0 ± 0.19 1.3 ± 0.20
9 - 2009 1.2 ± 0.78 110 ± 15 14 ± 0.76 1.0 ± 0.14 0.15 ± 0.026 26.4 ± 3.5 0.88 ± 0.25 0.74 ± 0.13
9B - 2009 2.3 ± 0.22 94 ± 10 21 ± 1.2 0.45 ± 0.028 0.14 ± 0.027 1.3 ± 0.11 0.29 ± 0.011 0.29 ± 0.027
9SE - 2010 10 ± 0.70 260 ± 6.2 31 ± 8.6 4.5 ± 0.31 0.33 ± 0.015 1.4 ± 0.17 0.53 ± 0.022 0.54 ± 0.039
10 - 2008 0.3 ± 0.10 38 ± 6.6 9.2 ± 2.3 0.69 ± 0.11 0.14 ± 0.014 1.2 ± 0.37 0.23 ± 0.064 0.15 ± 0.029
11 - 2008 13 ± 2.7 650 ± 22 54 ± 3.1 6.2 ± 0.13 0.74 ± 0.076 4.1 ± 1.5 1.2 ± 0.033 1.4 ± 0.027
12 - 2008 52 ± 7.8 760 ± 19 62 ± 5.4 6.6 ± 0.34 1.3 ± 0.060 2.4 ± 0.04 1.1 ± 0.044 1.3 ± 0.061
12 Flux - 2008 44 ± 4.2 740 ± 22 71 ± 6.7 6.6 ± 0.10 1.3 ± 0.071 2.5 ± 0.08 1.1 ± 0.044 1.4 ± 0.028
12 - 2010 49 ± 3.5 760 ± 31 69 ± 1.7 7.7 ± 0.28 1.2 ± 0.057 2.6 ± 0.04 1.4 ± 0.028 1.3 ± 0.061
12 Flux - 2010 3.6 ± 0.75 300 ± 11 48 ± 1.9 1.9 ± 0.14 0.65 ± 0.056 4.8 ± 1.4 0.72 ± 0.070 1.0 ± 0.10
14 - 2008 2.0 ± 0.66 150 ± 25 40 ± 4.6 0.26 ± 0.048 0.37 ± 0.033 3.0 ± 0.34 0.43 ± 0.056 0.58 ± 0.087
15 - 2008 25 ± 2.5 660 ± 70 48 ± 3.4 6.7 ± 0.067 0.69 ± 0.039 2.1 ± 0.00 1.1 ± 0.024 1.3 ± 0.11
16 - 2009 5.5 ± 1.3 370 ± 41 89 ± 1.5 0.83 ± 0.076 0.69 ± 0.023 6.3 ± 0.40 1.1 ± 0.072 1.2 ± 0.10
18 - 2010 4.4 ± 0.71 340 ± 7.7 81 ± 3.3 0.87 ± 0.079 0.63 ± 0.030 6.1 ± 0.74 1.0 ± 0.033 1.2 ± 0.069
3.7 ± 0.40 330 ± 11 82 ± 2.6 0.72 ± 0.019 0.64 ± 0.044 7.7 ± 0.49 0.94 ± 0.027 1.2 ± 0.064
3.6 ± 0.38 360 ± 7.7 72 ± 8.2 0.62 ± 0.040 0.68 ± 0.019 8.6 ± 0.23 1.0 ± 0.019 1.2 ± 0.099
5.5 ± 0.42 380 ± 15 87 ± 2.8 0.86 ± 0.032 0.63 ± 0.017 5.7 ± 0.17 1.1 ± 0.040 1.2 ± 0.049
18 Flux - 2010 1.4 ± 0.40 130 ± 27 22 ± 4.1 0.97 ± 0.21 0.24 ± 0.028 2.3 ± 0.11 0.53 ± 0.097 0.50 ± 0.092
19 - 2010 5.0 ± 1.5 390 ± 11 57 ± 2.5 2.2 ± 0.21 0.70 ± 0.054 5.2 ± 1.5 0.88 ± 0.080 1.0 ± 0.032
20 - 2010 9.2 ± 2.9 480 ± 60 58 ± 8.3 3.5 ± 0.37 1.0 ± 0.054 6.4 ± 1.0 1.2 ± 0.048 1.9 ± 0.33
21 Down - 2010 3.2 ± 0.40 210 ± 48 33 ± 4.7 1.8 ± 0.14 0.39 ± 0.089 4.1 ± 1.6 0.55 ± 0.069 0.87 ± 0.086
21 Up - 2010 3.5 ± 0.64 220 ± 23 36 ± 1.4 1.9 ± 0.13 0.38 ± 0.030 2.8 ± 0.14 0.62 ± 0.022 0.64 ± 0.030
21 Up Flux - 2010 25 ± 1.3 630 ± 7.9 75 ± 7.3 6.0 ± 0.069 0.87 ± 0.049 3.0 ± 0.08 1.2 ± 0.020 1.3 ± 0.058
12 ± 11 560 ± 42 57 ± 1.8 6.0 ± 0.055 0.62 ± 0.049 3.8 ± 0.76 1.3 ± 0.050 1.3 ± 0.035
5.3 ± 0.44 610 ± 45 61 ± 4.7 5.6 ± 0.66 0.93 ± 0.22 9.9 ± 2.00 1.3 ± 0.064 1.4 ± 0.078
25 ± 3.6 620 ± 40 71 ± 3.3 6.2 ± 0.15 0.88 ± 0.089 3.0 ± 0.13 1.3 ± 0.062 1.3 ± 0.13
22 Flux - 2010 2.4 ± 0.72 140 ± 10 24 ± 2.0 1.4 ± 0.27 0.38 ± 0.034 2.9 ± 0.42 0.46 ± 0.029 0.40 ± 0.035
23 - 2010 49 ± 4.5 800 ± 34 74 ± 3.7 7.6 ± 0.18 1.3 ± 0.062 2.7 ± 0.11 1.4 ± 0.038 1.4 ± 0.051
a
3 replicates of said sediment depth
b
2 replicates of said sediment depth
Station - Year
7 Long - 2008
18 Long - 2010
22 Long - 2010
U (nmol g
-1
) V (µmol g
-1
) Zn (µmol g
-1
)Mn (µmol g
-1
) Ni (nmol g
-1
) Pb (nmol g
-1
) Sr (µmol g
-1
) Tl (nmol g
-1
)
